We report on our design and fabrication of 830-nm high-power semiconductor lasers with very low beam divergence. Here, we propose a novel approach in which by combining asymmetric waveguide and a feature called "pins" together, we were able to design an optimize epi structure, which not only produces a beam divergence of less than 16°, which is measured at the full width at the half maximum, but also has very good growth tolerance as well. Device test shows the beam divergence is as small as 13°, yet they still retain high slope efficiency of around 1.15 W/A and low threshold current of 400 mA for the devices with cavity length being 2 mm long, and ridge width being 40 μm wide.
Introduction
Semiconductor diode lasers emitting at a wavelength of around 830 nm have many important applications such as laser printing [1] and 3D sensing [2] . In many applications, it is highly desirable that a laser has a roughly circular beam profile as this would greatly reduce the cost associated with beam shaping and packaging. However the laser beam from a conventional semiconductor quantum well structure (see Fig. 1(a) ) is highly asymmetric in the two orthogonal directions which is attributed to the fact that the size of the active region in the wafer growth direction is intrinsically small. The far field which is measured as the full width at the half maximum (FWHM) is typically about 30°in the vertical direction compared to about 5-10°in the horizontal direction [3] , [4] . Conventional design by manipulating the waveguide thickness [5] - [8] or/and the index profile does allow one to reduce the beam divergence to some extent. However this approach leads to reduced quantum well confinement factor (Г), which in turn results in increased threshold current. In order to reduce beam divergence without much impact on the quantum well confinement factor, unconventional cladding structures in which higher refractive index layers are inserted in the lower cladding layers have been proposed [3] , [4] , [9] - [11] . The reported far field can be as low as 17°. However, our simulation shows that this approach puts a very tight requirement on growth tolerance, when the required far field is below 16°as even a slight deviation from the design specification results in a very different laser performance. When this occurs, either the inserted layer only has weak effect (in this case the far field is much larger than expected) or the effect is so strong that the optical mode is no longer confined, or only very weakly confined in the active region. In the latter case, laser performance suffers, usually characterized by high threshold current and deteriorated light-current (L-I) slope efficiency.
Here we propose a novel approach in which by combining asymmetric waveguide and a feature called "pins" together, we are able to design an optimize epi structure which not only produces a beam divergence of less than 16°, but also has good growth tolerance as well. Device test shows the beam divergence is as small as 13°, yet they still retain slope efficiency of around 1.15 W/A and low threshold current of 400 mA for the devices with cavity length being 2 mm long, and ridge width being 40 μm wide. Fig. 1(b) illustrates the 830 nm laser structure used in the modeling presented in this paper. The structure contains double InGaAs quantum wells (QWs) which are surrounded by AlGaAs GRINSCH layers. The aluminum (Al) mole fraction of the GRINSCH layer, with the thickness being 110 nm, is linearly varied from 0.26 at the barriers to 0.35 at the claddings. The structure is an asymmetric structure since the waveguide core is asymmetrically positioned between the cladding layers. The asymmetric design enables us to achieve low optical loss and small electrical resistance simultaneously, leading to improved energy conversion efficiency. As one can see, the most salient feature about this design is that two "pin" structures are inserted in the n-cladding layers. The "pin" is essentially a thin layer of around 50 nm with lower refractive index compared to the surround materials, and the refractive index of the "pin" material has to be chosen carefully such that the "pins" have pining effect on the near field only when variations in material growth lead to reduced Г value (see Fig. 2 ). The waveguide modes were found by solving the following Helmholtz equation using the transfer matrix method [12] :
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where E denotes the electric field, K 0 = 2π/λ 0 , with λ 0 being the wavelength in vacuum, is the free space wave number, n(x) is the refractive indices of layers in the epitaxial structure, and n e Fig. 2 . The optical near field for epi structures with the "pin" (red line) and without the "pin" (black line). is the effective index of a given waveguide mode. The transfer matrix method was implemented straightforwardly using MATLAB. The far-field profile was then obtained by calculating the Fourier transformation of the correspondent near optical field. Since the QW confinement factor Г and beam divergence (which is referred to as VFF hereafter) in wafer growth direction are very important laser parameters, optimization of the "pins" was focused on finding out the right range of material composition for the "pin" layers as well as their positions. The objective of the optimization was such that the QW confinement factor Г should be as large as possible and in the meantime, the beam divergence VFF should be as low as possible. Before performing the epi structure optimization, calculation of laser threshold current was made using our in-house developed software to determine the lower limit of the Г. The software with inclusion of the thermal effect, can be used to calculate light-current-voltage (L-I-V) characteristics. Fig. 3 is the calculated dependence of threshold current on the parameter Г for lasers whose cavity length is 2 mm long and ridge width is 40 μm wide with the optimum anti-reflection (AR) coating reflectivity of 7%. The optimum AR reflectivity was found by examining the dependence of the operation current required to achieve 2 W of operation power on the AR reflectivity. From the threshold current calculation, we can set the lower limit of QW confinement parameter Г to be around 0.6%, which is based on the consideration that any further reduction in the parameter will lead to dramatic increase in the threshold current. Also from the plot, it is clear that the threshold current becomes increasingly less sensitive to the Г when it is somewhere above 1.3%. Fig. 4 plots the Г and VFF (FWHM) as a function of Al mole fraction for the "pin" layer material, from which, one can see with the increase in Al mole fraction for the "pin" material, the Г monotonically increases which is due to the fact that the effect of the "pins" on the near field becomes stronger. In spite of the significant change in the Г, the beam divergence remains roughly constant. In our design we chose the thickness to be 50 nm and the Al more fraction difference to be 0.04 which is corresponding to the material composition of Al0.39GaAs. Fig. 5 shows the dependence of the Г and VFF on the position for the "pin1", and it was assumed the separation between the two "pins" were kept to a constant of 1.9 μm. From Fig. 5 , we can see the Г is about reaching the maximum when the distance between the "pin1" and the GRINSCH edge is 400 nm. Fig. 6 further illustrates the effect of the separation between the two "pins" on the material parameters, and in this case, the position of "pin 1" was assumed to be 400 nm away from the GRINSCH edge. Since it is inevitable that variation will occur during material growth stage, it is of critical importance that an epi structure design has a very robust tolerance against the material growth variation. Whilst there are a number of parameters in epi structures which impact laser performance, the most critical parameters are the GRINSCH layer thickness as well as the mole faction difference between the materials at the barrier and the GRINSCH edge, as the epi parameters Г and VFF are very sensitive to the change in these parameters. Figs. 7 and 8 show the simulated growth tolerance. If we define the growth tolerance for a particular parameter to be the difference between the design spec and the value at which the QW confinement factor Г varies by 40%, i.e., / = 40%, then one can see the GRINSCH thickness tolerance is well over 30% and the material composition tolerance (for Al(x)GaAs) is about 0.03; such tolerance is well within the capability of present growth technologies. 
Device Fabrication and Test
Wafers were grown on an n + GaAs substrate using metal organic vapor phase epitaxy (MOVPE). It contained two compressively-strained InGaAs QWs with barrier thickness of 7 nm. The QWs are surrounded by AlGaAs GRINSCH layers. The wafer was completed by growing lower (n-side) and upper (p-side) AlGaAs cladding layers, and the "pin" structures were inserted into the lower cladding layer with a design target of the vertical far field of 16.5°.
40 μm wide Ridge lasers were processed using conventional photolithography and wet etching, followed by substrate thinning, metallization, and facet coating. The coating reflectivity was 7% and 96% respectively for the front and back facets. Devices were mounted p-side down onto AlN ceramics, and wire bonding and die bonding were carried out to enable CW operation. Lasers were tested under CW condition with the temperature being set to 20°C using a thermoelectric cooler (TEC). Fig. 9 shows the measured L-I curves and the wavelength spectrum at the current of 2 A, from that, one can see the threshold current is about 400 mA and the slope efficiency is over 1.1 W/A. The lasing wavelength is about 823 nm. Thermal performance was also measured by measuring L-I characteristics under different setting temperatures (temperature range from 20-60°C), from which it is found the T0 and T1, which are referred to as characteristic temperatures for the laser threshold current and slope efficiency respectively, to be about 160 K and 400 K respectively for the 2 mm long devices. Fig. 10 plots the measured far-field for different injection currents, from which one can see the the beam divergence remains about to be 13°. It is worthwhile to point out that the background levels for the far field profiles in Fig. 10 were intentionally adjusted to makes it easier to view the far field distributions for different current levels. The measured beam divergence is slightly smaller than the design, indicating some growth variations occurred.
Summary
In summary, a novel wafer structure, in which "pin" structures were incorporated, has been designed to control the beam divergence with a significantly improved growth tolerance. The structure offers more freedom in designing devices with improved device performance. Tested devices show the beam divergence is as small as 13°, yet they still retain slope efficiency of around 1.15 W/A and low threshold current of 400 mA for the devices with cavity length being 2 mm long, and ridge width being 40 μm wide. Although the demonstration has been made for 830 nm lasers based on AlGaAs material system, the design concept can be applied to laser structures for different wavelengths based on AlGaAs as well as other material systems.
